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Description 



METHODS AND APPARATUS FOR 
EMPLOYING FEEDBACK BODY CONTROL 
IN CROSS-COUPLED INVERTERS 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates generally to cross-coupled 
inverter circuits, and more particularly to methods and 
apparatus for employing feedback body control in cross- 
coupled inverters. 

[0003] Cross-coupled inverters are often employed as storage el- 
ements in complementary metal oxide semiconductor 
(CMOS) logic such as latches, flip flops, SRAMS, etc. For 
example, FIG. 1A is a schematic diagram of a conventional 
cross-coupled inverter circuit 100. 

[0004] with reference to FIG. 1A, the cross-coupled inverter cir- 
cuit 100 includes a first inverter circuit 102 cross-coupled 
to a second inverter circuit 104. That is, an output of the 



first inverter circuit 102 is coupled to an input of the sec- 
ond inverter circuit 104, as indicated by node A, and an 
input of the first inverter circuit 102 is coupled to an out- 
put of the second inverter circuit 104 as indicated by node 
B. 

[0005] as shown in FIG. 1A, the first inverter circuit 102 includes 
a first n-channel metal-oxide-semiconductor field effect 
transistor (NFET) 106 coupled to a first p-channel MOSFET 
(PFET) 108. Specifically, the drains of the NFET 106 and 
PFET 108 are coupled at node A, and the gates of the 
NFET 106 and PFET 108 are coupled at node B. The source 
and body of the NFET 106 are grounded, and the source 
and body of the PFET 108 are tied to a rail voltage (e.g., V d 

[0006] jhe second inverter circuit 104 includes a second NFET 

110 coupled to a second PFET 112. Specifically, the drains 
of the NFET 110 and PFET 112 are coupled at node B, and 
the gates of the NFET 110 and PFET 112 are coupled at 
node A. The source and body of the NFET 110 are 
grounded, and the source and body of the PFET 112 are 
tied to a rail voltage (e.g., V dd) 

[0007] Referring to FIG. 1A, the cross-coupled inverter circuit 
100 is shown in a steady-state condition in which the 
voltage at node A is approximately V (e.g., a high or 1 



logic state) and the voltage at node B is approximately 0 
(e.g., a low or 0 logic state). With node B low, the first 
NFET 106 is OFF and the first PFET 108 is ON; and with 
node A high, the second NFET 110 is ON, and the second 
PFET 112 is OFF. With the first NFET 106 OFF and the first 
PFET 108 ON, node A is pulled (or held) high via the chan- 
nel of the first PFET 108. Likewise, with the second NFET 
110 ON and the second PFET 112 OFF, node B is pulled (or 
held) low via the channel of the second NFET 110. 

[0008] During normal operation, the cross-coupled inverter cir- 
cuit 100 should maintain the above-logic state until in- 
tentionally switched, and may be employed as a simple 
storage element (e.g., by using a pass-gate or similar de- 
vice to read out the logic state as is known in the art). 
However, as device dimensions shrink, the storage capac- 
itances associated with nodes A and B are reduced and the 
cross-coupled inverter circuit 100 becomes increasingly 
vulnerable to soft error (SE) events. 

[0009] SE events may include, for example, alpha particle colli- 
sions or similar energetic particles or charge generating 
sources/events that may affect the charge balance in one 
or more of the FETs 106-112. For instance, if an SE event 
occurs at the first NFET 106 (as indicated by reference nu- 



meral 114), electron-hole pairs may be generated within 
the body region of the first NFET 106. To counteract any 
corresponding charge imbalance, charge may be swept 
into the body region of the first NFET 106 from node A 
and discharge node A accordingly (e.g., via the relation- 
ship V=dQ/C, where C is the capacitance of node A). As 
device dimensions shrink, the capacitance of node A de- 
creases, and the amount by which node A discharges in 
response to an SE event increases. 
[0010] FIG. IB illustrates an exemplary voltage profile for node A 
in response to an SE event at the first NFET 106 of the 
conventional cross-coupled inverter circuit 100 of FIG. 1A. 
As shown in FIG. IB, if the SE event is large enough and/ 
or if the capacitance of node A is small enough, the volt- 
age at node A may be significantly discharged. As the 
voltage of node A discharges, eventually the second PFET 
112 begins to turn ON, node B is pulled high and the first 
NFET 106 turns ON (discharging node A and switching the 
logic state of the cross-coupled inverter circuit 100). Any 
information stored by the cross-coupled inverter circuit 
100 thereby may be inadvertently lost. Such SE induced 
switching is exacerbated for conventional silicon- 
on-insulator (SOI) cross-coupled inverters in which the 



body connections of the first NFET 106 and the second 
NFET 110 generally are left floating. In such an embodi- 
ment, the charge injected into the drain of the first NFET 
106 in response to an SE event is amplified by parasitic 
bipolar effects of the SOI NFET 106. A large drain-source 
current thereby results in the first NFET 106, discharging 
node A even more rapidly. 
[0011] Accordingly, a need exists for improved cross-coupled in- 
verters circuits, particularly for cross-coupled inverters 
that employ SOI devices. 
Summary of Invention 

[0012] | n a fj rs t aspect of the invention, a cross-coupled inverter 
is provided that includes a first inverter circuit having a 
first NFET coupled to a first PFET and a second inverter 
circuit having a second NFET coupled to a second PFET. 
The second inverter circuit is cross-coupled with the first 
inverter circuit at a plurality of nodes. The body of at least 
one of the first NFET, the second NFET, the first PFET and 
the second PFET is coupled so as to form a feedback path 
that reduces discharging at one or more of the plurality of 
nodes in response to a soft error event at the cross- 
coupled inverter. 

[0013] | n a second aspect of the invention, a method is provided 



that includes the steps of providing a cross-coupled in- 
verter that includes a first inverter circuit having a first 
NFET coupled to a first PFET and a second inverter circuit 
having a second NFET coupled to a second PFET. The sec- 
ond inverter circuit is cross-coupled with the first inverter 
circuit at a plurality of nodes. The method further includes 
the step of coupling the body of at least one of the first 
NFET, the second NFET, the first PFET and the second PFET 
so as to form a feedback path that reduces discharging at 
one or more of the plurality of nodes in response to a soft 
error event at the cross-coupled inverter. Numerous other 
aspects are provided. 
[0014] other features and aspects of the present invention will 
become more fully apparent from the following detailed 
description, the appended claims and the accompanying 
drawings. 
Brief Description of Drawings 

[0015] FIG. 1A is a schematic diagram of a conventional cross- 
coupled inverter circuit. 

[0016] FIG. IB illustrates an exemplary voltage profile for a node 
in response to an SE event in a first NFET of the conven- 
tional cross-coupled inverter circuit of FIG. 1A. 

[0017] FIG. 2A is a schematic diagram of a first exemplary cross- 



coupled inverter circuit provided in accordance with the 
present invention. 

[0018] FIG. 2B illustrates an exemplary voltage profile for a node 
in response to an SE event in the first NFET of the first ex- 
emplary cross-coupled inverter circuit of FIG. 2A. 

[0019] FIG. 3A is a schematic diagram of a second exemplary 

cross-coupled inverter circuit provided in accordance with 
the present invention. 

[0020] FIG. 3B illustrates an exemplary voltage profile for a node 
in response to an SE event in a first NFET of the second 
exemplary cross-coupled inverter circuit of FIG. 3A. 

[0021] FIG. 4A is a schematic diagram of a third exemplary 

cross-coupled inverter circuit provided in accordance with 
the present invention. 

[0022] FIG. 4B illustrates an exemplary voltage profile for a node 
in response to an SE event in a first NFET of the third ex- 
emplary cross-coupled inverter circuit of FIG. 4A. 
Detailed Description 

[0023] | n one or m0 re embodiments of the invention, various 

connections are provided between the NFETs and PFETs of 
a cross-coupled inverter circuit to increase the robustness 
of the cross-coupled inverter circuit to soft errors. In par- 
ticular, feedback body control may be employed to in- 



crease soft error robustness. Exemplary feedback body 
control configurations for a cross-coupled inverter circuit 
provided in accordance with the present invention include 
(1) directly and/or resistively coupling the body of an 
NFET, PFET to a drain of the NFET, PFET as described be- 
low with reference to FIGS. 2A and 2B; (2) coupling the 
body of an NFET of a first inverter circuit to the body of an 
NFET of a second inverter circuit as described below with 
reference to FIGS. 3A and 3B; and (3) capacitively coupling 
the body of an NFET, PFET to a drain of the NFET, PFET as 
described below with reference to FIGS. 4A and 4B. Other 
embodiments are provided. 
[0024] FIRST EXEMPLARY CROSS-COUPLED INVERTER CIRCUIT 

[0025] FIG. 2A is a schematic diagram of a first exemplary cross- 
coupled inverter circuit 200 provided in accordance with 
the present invention. The cross-coupled inverter circuit 
200 of FIG. 2A is similar to the conventional cross-cou- 
pled inverter circuit 100 of FIG. 1A, with the exception 
that the body and drain of the first NFET 106 and the 
body and drain of the first PFET 108 are coupled together 
(and to the node A). Likewise, the body and drain of the 
second NFET 110 and the body and drain of the second 
PFET 112 are coupled together (and to the node B). 



[0026] | n suc h an embodiment, the body-drain junction of the 
first NFET 106 is maintained at zero volts. Accordingly, if 
an SE event occurs at the first NFET 106 (as indicated by 
reference numeral 114), no reverse bias potential exists 
between the drain-body region of the first NFET 106 to 
sweep charge into the drain of the first NFET 106 (from 
node A). Accordingly, the first NFET 106 and the second 
PFET 112 remain OFF, while the first PFET 108 and the 
second NFET 110 remain OFF so that the logic state of the 
cross-coupled inverter circuit 100 remains unchanged. 

[0027] N 0te t hat in the above described configuration, a voltage 
drop may exist between the body and source of the first 
NFET 106. Such a voltage drop typically will not affect the 
logic state of the cross-coupled inverter circuit 200, but 
may increase the leakage current through the first NFET 
106. In one or more embodiments of the invention, a re- 
sistor R between the body and the drain of the first NFET 
106 may be employed to limit this leakage current without 
affecting the SE robustness of the cross-coupled inverter 
circuit 200 (e.g., by reducing the voltage drop across the 
body-source region). A similar resistive coupling may be 
employed between the body/drain of the NFET 110 and 
the PFETs 108, 112. 



[0028] FIG. 2B illustrates an exemplary voltage profile for node A 
in response to an SE event at the first NFET 106 of the 
first exemplary cross-coupled inverter circuit 200 of FIG. 
2A. As shown in FIG. 2B, an SE event at the first NFET 106 
of the first exemplary cross-coupled inverter circuit 200 
of FIG. 2A has a much smaller affect on the voltage of 
node A than a comparable SE event at the first NFET 106 
of the conventional cross-coupled inverter circuit 100 of 
FIG. 1A (e.g., thereby preventing the inverter circuit 200 
from inadvertently switching logic states in response to 
the SE event). Similar SE robustness is provided to the first 
and second PFETs 108, 112 and the second NFET 110 by 
the above-described body connections. 

[0029] SECOND EXEMPLARY CROSS-COUPLED INVERTER CIRCUIT 

[0030] FIG. 3A is a schematic diagram of a second exemplary 

cross-coupled inverter circuit 300 provided in accordance 
with the present invention. The cross-coupled inverter 
circuit 300 of FIG. 3A is similar to the conventional cross- 
coupled inverter circuit 100 of FIG. 1A, with the exception 
that the body of the first NFET 106 is coupled to the body 
of the second NFET 110, and the body the first PFET 108 
is coupled to the body of the second PFET 1 12. 

[0031] | n t he embodiment of FIG. 3A, an SE event at the first 



NFET 106 (indicated by reference numeral 114) may cause 
an increase in the body potential of the first NFET 106 
(similar to that experienced in the conventional cross- 
coupled inverter circuit 100 of FIG. 1A), and node A to be- 
gin to discharge (e.g., via a parasitic bipolar effect in an 
SOI implementation). However, unlike in the conventional 
cross-coupled inverter circuit 100 of FIG. 1A, in the sec- 
ond exemplary cross-coupled inverter circuit 300 of FIG. 
3A, any increase in body voltage at the first NFET 106 will 
be similarly experienced by the second NFET 110 (e.g., as 
the bodies of the first and second NFETs 106, 110 are 
coupled together). Any increase in body voltage at the 
second NFET 110 (which is normally ON in the state 
shown in FIG. 3A), decreases the threshold voltage of the 
second NFET 110 (e.g., proportionally). The drain-source 
conductance of the second NFET 110 thereby increases 
and node B is held more strongly at a low voltage (e.g., 0 
volts) by the second NFET 110. Accordingly, the first PFET 
108 remains strongly ON, and may supply current to 
bleed off SE induced charge within the first NFET 106; and 
the logic state of the second exemplary cross-coupled in- 
verter 300 remains unchanged by the SE event. 
[0032] FIG. 3B illustrates an exemplary voltage profile for node A 



in response to an SE event at the first NFET 106 of the 
second exemplary cross-coupled inverter circuit 300 of 
FIG. 3A. As shown in FIG. 3B, an SE event at the first NFET 
106 of the second exemplary cross-coupled inverter cir- 
cuit 300 of FIG. 3A has a much smaller affect on the volt- 
age of node A than a comparable SE event at the first 
NFET 106 of the conventional cross-coupled inverter cir- 
cuit 100 of FIG. 1A (e.g., thereby preventing the inverter 
circuit 300 from inadvertently switching logic states in re- 
sponse to the SE event). Similar SE robustness is provided 
to the first and second PFETs 108, 112 and the second 
NFET 110 by the above-described body connections. 
[0033] THIRD EXEMPLARY CROSS-COUPLED INVERTER CIRCUIT 

[0034] FIG. 4A is a schematic diagram of a third exemplary 

cross-coupled inverter circuit 400 provided in accordance 
with the present invention. The cross-coupled inverter 
circuit 400 of FIG. 4A is similar to the cross-coupled in- 
verter circuit 200 of FIG. 2A, with the exception that the 
body and drain of the first NFET 106 and the body and 
drain of the first PFET 108 are each coupled together (and 
to the node A) via a capacitor 402, 404, respectively. Like- 
wise, the body and drain of the second NFET 110 and the 
body and drain of the second PFET 112 are each coupled 



together (and to the node B) via a capacitor 406, 408, re- 
spectively. 

[0035] The AC-coupled body/drain feedback configuration of 
FIG. 4A operates similarly to the direct body/drain feed- 
back configuration of FIG. 2A, but with reduced current 
leakage. Because body/drain connections are made via 
capacitors 402-408, in an SOI implementation of the in- 
vention, each body of each NFET 106, 110 and each PFET 
108, 112 may float to its steady-state value. Thereafter, if 
an SE event occurs at the first NFET 106, the first NFET 
106 may begin discharging node A (via a parasitic bipolar 
effect as previously described) through the drain of the 
first NFET 106. As the voltage at node A decreases, be- 
cause the voltage at node A is AC-coupled (or boot- 
strapped) to the body of the first NFET 106 by the capaci- 
tor 402, the voltage potential of the body of the first NFET 
106 is forced lower. Parasitic bipolar effects within the 
first NFET 106 thereby decrease. Further, because the 
body of the first PFET 108 is AC-coupled to node A (via 
capacitor 404), the body of the first PFET 108 also is 
pulled lower via the discharging of node A. The threshold 
voltage of the first PFET 108 thereby is reduced, and the 
first PFET 108 turns on more strongly (e.g., increasing the 



source-drain conductance of the first PFET 108 so as to 
hold node A at V more strongly). 
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[0036] FIG. 4B illustrates an exemplary voltage profile for node A 
in response to an SE event at the first NFET 106 of the 
third exemplary cross-coupled inverter circuit 200 of FIG. 
4A. As shown in FIG. 4B, an SE event at the first NFET 106 
of the third exemplary cross-coupled inverter circuit 400 
of FIG. 4A has a much smaller affect on the voltage of 
node A than a comparable SE event at the first NFET 106 
of the conventional cross-coupled inverter circuit 100 of 
FIG. 1A (e.g., thereby preventing the inverter circuit 400 
from inadvertently switching logic states in response to 
the SE event). Similar SE robustness is provided to the first 
and second PFETs 108, 112 and the second NFET 110 by 
the above-described body connections. 

[0037] The foregoing description discloses only exemplary em- 
bodiments of the invention. Modifications of the above 
disclosed apparatus and method which fall within the 
scope of the invention will be readily apparent to those of 
ordinary skill in the art. For instance, the present inven- 
tion may be implemented with any MOS devices that em- 
ploy body contacts (e.g., SOI, triple well, or the like). Note 
that in embodiments of the invention wherein a body- 



to-drain connection of an NFET or PFET may cause the 
body to become forwarded biased (e.g., in the first cross- 
coupled inverter 200 of FIG. 2A), operation of the inverter 
at low voltages (e.g., about 0.5 V or below) may mitigate 
any current leakage issues. The total increase in standby 
leakage current may be further mitigated by powering 
down un-needed cross-coupled inverters when a plurality 
of such cross-coupled inverters are employed (e.g., within 
a memory array), and/or by only employing the inventive 
feedback body connections at sensitive nodes of cross- 
coupled inverters. While the present invention has been 
described with reference to cross-coupled CMOS inverter 
circuits, it will be understood that the present invention 
may be employed with other forms of feedback circuits 
such as cross-coupled NAND or NOR gates, tri-state in- 
verters or the like. 
[0038] Accordingly, while the present invention has been dis- 
closed in connection with exemplary embodiments 
thereof, it should be understood that other embodiments 
may fall within the spirit and scope of the invention, as 
defined by the following claims. 



